Low-frequency heme, iron-ligand, and ligand modes of imidazole and imidazolate complexes of iron protoporphyrin and microperoxidase in aqueous solution. An analysis by far-infrared difference spectroscopy.
FTIR difference spectroscopy, notably in the far-IR domain, is appealing for the analysis of hemoproteins, since it permits us to directly probe the properties of the heme and its ligands but also those of aminoacids remote from the heme. We recently set a thin path-length electrochemical cell with diamond windows allowing the far-IR analysis of proteins in aqueous solutions using FTIR difference spectroscopy (Berthomieu, C,; Marboutin, L.; Dupeyrat, F.; Bouyer, P. Biopolymers 2006 82, 363-367). In this study, we used this cell to identify redox-sensitive low-frequency IR modes of imidazole complexes of Fe-protoporphyrin IX and microperoxidase-8 and analyzed the pH dependence of these modes. The far-IR bands of the heme and the axial imidazole ligands were assigned using (15)N(2)-, and d(3)-imidazole isotopic substitution, as well as imidazole substitution by 4(5)-methylimidazole. Internal modes of the axial histidine and imidazole ligands were identified in the 670-580 cm(-1) region, which are sensitive to the iron coordination (five-coordinated high-spin heme or six-coordinated low-spin heme) and the protonation states of the axial ligands. We showed that deformation modes of the heme pyrroles dominate the 420-370 cm(-1) region of the difference spectra. These modes were highly sensitive to the coordination and redox states of the heme iron and the conformation of the tetrapyrrole. While no nu(as)(Fe-axial ligand) IR mode was detected in the difference spectra of the neutral imidazole complexes of Fe-protoporphyrin and microperoxidase, a new mode at 312 and 334 cm(-1) was found specific of the imidazolate complexes of Fe(3+)-protoporphyrin and Fe(3+)-microperoxidase-8, respectively. On the basis of isotope shifts observed upon ligand deuteration, this band was assigned to a mode mixing the asymmetric stretching of the axial bonds with an internal deformation of the imidazolate rings. These data set the bases for the analysis of the IR low-frequency modes of hemoproteins, and specifically the electronic properties of the heme axial histidine ligands.